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Introduction
Carbon nanotubes have been found to possess exceptional physical properties since Iijima's landmark paper in 1991 [1] . Their unique electrical and mechanical properties have been stimulating increasing interest in their applications [2] . Afzali et al. have developed an efficient and highsensitive carbon-nanotube-based catalytic sensor for detection of phenylhydrazine and hydrazine as important building blocks and also contaminants in chemical industry [3] .
Several groups have suggested the use of SWCNTs as gas sensors [4] [5] [6] [7] [8] . Nanotubes have sensitivity to oxidizing gases (NO 2, O 2 ) that increase the hole conductance and to reducing gases (NH 3 ) that decrease the number of hole carriers. SWCNTs consist only of carbon and can theoretically be considered to be a graphene sheet rolled into a seamless cylinder, having semiconducting or metallic properties. The changes of electrical conductance by charge transfer from adsorbed molecules are significant for semiconducting SWCNTs [4] . These nanotubes are smooth-sided, highly polarisable compounds and have a reported van der Waals attraction of 0.5 eV per nanometer of tube-to-tube contact, which causes their existence as bundles in their native state [9, 10] .
Central European Journal of Chemistry
Synthesis and gas-sensing properties of phenylhydrazine-functionalized single wall carbon nanotubes in polymer matrix
One possibility to make a durable sensor material is to disperse the SWCNTs into a polymer matrix, which fixes the nanotube network. For dispersing SWCNTs homogeneously into a polymer, however, the thermodynamic drive toward the nanotube bundling must be overcome and the solubility of nanotubes in the solvents for suitable (gas permeable) polymers must be enhanced. The chemical functionalization of carbon nanotubes dramatically enhances their solubility in ordinary solvents [11] [12] [13] [14] [15] . At the same time, covalent sidewall functionalisation generates sp 3 carbon sites on CNTs, which disrupt the band-to-band transitions of π electrons [16] . Another way to exfoliate the SWCNT bundles is the noncovalent functionalisation by modifying the tube surface via van der Waals forces and π−π interactions without seriously affecting the electronic structure of the tubes [16] [17] [18] . High solubility of SWCNTs in the aromatic amine aniline was observed in [19] and the functionalization of carbon nanotubes in phenylhydrazine water solutions has been carried out by Yokoi et al. [12] . Polynuclear aromatic amines could be adsorbed on metallic and semiconducting SWCNTs by different mechanisms, which may lead to a preferable enrichment of the mixture with only one type of nanotube [20] .
The aim of the present work was to prepare a gassensing composite material from phenylhydrazinefunctionalized SWCNTs and poly(1-trimethylsilyl-1-propyne) (PTMSP), the most gas-permeable polymer known [21] . The functionalization procedure of SWCNTs has been carried out by using different surfactants in aqueous solutions, different temperatures of synthesis, and also in neat phenylhydrazine. The effect of functionalization on the gas-sensing properties was investigated by comparing the responses of nanotubepolymer composites to oxidizing NO 2 gas at room temperature.
Experimental procedure

Synthesis
The functionalization of carbon nanotubes was carried out by a treatment with phenylhydrazine. SWCNTs (purity 90%, diameter 1-2 nm, length 1-2 μm) were purchased from Aldrich Chemicals and used as received, with mild acidic purification by the manufacturer. In order to have favorable reaction conditions, the deaggregation of nanotube bundles is required. In aqueous solutions this is generally achieved by using the surfactants. In the current study, two surfactants were used: SDS, which is a very popular surfactant in SWCNT chemistry, and Aliquat®336, which has been used less frequently. Some experiments were carried out without surfactants, in neat phenylhydrazine. All reactions were performed under argon atmosphere. A typical synthesis procedure was as follows. In a 50 mL test tube closed with a rubber septum and connected with an argon line, the suspension of SWCNTs (2-5 mg) in 4 mL (10 mM) aqueous solution of surfactant (sodium dodecyl sulfate SDS, Aliquat®336) was sonicated for 1 h. To the suspension obtained, the exact volume (0.02-0.16 mL) of phenylhydrazine was added and the mixture was stirred for 48 h at the reaction temperature. The reaction with pure phenylhydrazine without surfactant was performed under the same conditions. Two different temperatures were used: 24 and 50 o C. Thereafter, the reaction mixture was diluted with 15 mL solvent (DMF, ethanol) and filtered. The residue was suspended into the solvent, sonicated and again filtered. This procedure was repeated until the solvent was colorless when suspended. DMF as a washing solvent needed caution as the solubility of SWCNTs was increased after functionalization. The solid material obtained was washed with ethanol three times and dried under vacuum.
The reaction scheme is given in Fig. 1 . In Table 1 , the compendium of synthesis data is given.
Characterization methods
The samples were characterized using Fourier transform infrared (FTIR), Raman and X-ray photoelectron (XPS) spectroscopies. All Raman studies were carried out on a Renishaw inVia Raman Spectrometer with the excitation wavelength 514 nm. XPS analyses were performed by using the electron energy analyzer Scienta SES 100 and K-α radiation of magnesium for the electron excitation of the samples. The incident angle of the photon beam was 45 o and the photoelectrons were detected along the surface normal. The polarized FTIR measurements were performed by using a Perkin-Elmer Spectrum GX FTIR spectrophotometer equipped with a MCT (liquid N 2 cooled) detector. A ZnSe wire grid polarizer and a gold-coated flat mirror from Pike Technologies were used.
Preparation of SWCNT polymer composites
Thin film composites of functionalized or pristine SWCNTs with gas permeable poly (1-trimethylsilyl-1-propyne) (PTMSP) were made. Tetrahydrofuran (THF) or trichloromethane (CHCl 3 ) were used as common solvents for polymer and SWCNTs.
At the beginning, the solutions of SWCNTs were prepared: 1) 0.1 mg of pristine SWCNTs with 8 mL THF were ultra-sonicated for 8 hours in an ice-cooled bath; 2) 0.1 mg of functionalized SWCNTs were suspended into chloroform and ultra-sonicated for 0.5 h. The solutions were centrifuged at 4000 r min -1 during 0.5 h to remove the larger particles. Then, the solutions were mixed with 0.5 mL of 1 wt% PTMSP solution in THF and the mixtures were treated for a few minutes in an ultrasonic bath. Thin films of composite material were made by spin coating with a rotation speed of 2000 r min -1 onto the substrates for electrical measurements (ABTECH Scientific, with interdigitated gold electrodes with 20 µm gap width).
Measurements of electrical conductivity and gas sensing properties
For the electrical measurements, the samples were mounted into a small stainless steel chamber and were investigated under the flow of gas (typical flow rate 200 mL min -1 ). Gas flows were controlled with Brooks Smart Mass Flow Controllers. As a carrier gas synthetic air was used. The conductivity measurements were performed with Keithley 2400 Source Meter. In order to enhance the gas response (and its recovery time) at room temperature [6] , the samples were illuminated with violet light (405 nm, ~10 mW cm -2 ) during the measurements.
Results and discussion
Characterization of functionalized SWCNTs
There are several analytical techniques that must be used in combination to confirm the functionalization and its degree.
XPS is an accepted method for the determination of the content of dopants in carbon nanomaterials [22] . In Fig. 2 , the overview XPS spectrum of functionalized SWCNTs (synthesis 7) is shown. One can clearly see the peaks of carbon and oxygen (532 eV) originating from 1s core level. The main C1s peak maximum occurs at 284.3 eV, which corresponds to sp 2 -hybridized carbon. There is also a shoulder at the higher energy side of the C1s peak, which can be ascribed to the oxygenbonded carbon. The oxygen content was estimated to be 4% for this sample and it was under 5% for all samples (including the initial nanotubes). The location of N1s core level is also shown in Fig. 2 , but the peak is barely visible. Therefore, the XPS spectra around N1s lines were recorded with much longer accumulation times. The results are shown in Fig. 3 . As one can see, the nitrogen peak was absent in the initial material. After a treatment with phenylhydrazine, the N1s peak at 400 eV was always present. The N1s core levels of our samples occur at similar energies as observed for amine functionalized carbon nanotubes [23] .
In many CN x structures, which have been studied by XPS, two peaks for N1s core level have been observed, one at 398-399 eV, and the other one at 400-401 eV (see, e.g. [24, 25] ). The higher-energy component is assigned to the nitrogen bonded to sp 2 carbon. In our spectra, the N1s peak is wider than the C1s peak; it has a asymmetry towards higher binding energies and shifts towards higher energies at the larger amount of nitrogen (the maxima of the curves b and c in Fig. 3 are at 399.8 and 400.1 eV, respectively). These features may be ascribed to the presence of two N-C binding types, which results in two XPS lines with ~1 eV separation, as in [24] . In the synthesis with Aliquat®336 the possible remains of detergent in the sample may also be a nitrogen source. Therefore, a reference test was made, in which all the steps of the synthesis were made in the same order but no phenylhydrazine was added (Table 1 , synthesis no. 5). No N1s line was observed in the spectrum of this product. One may conclude that the XPS spectra could reliably be used for the calculation of the functionalization degree even in the case of Aliquat®336 treated samples. The relative content of nitrogen was determined from the areas of N1s and C1s lines by using the calculated average matrix relative sensitivity factors [26] . The areas of the lines were calculated from the spectra as depicted in Fig. 2 inset and in Fig. 3 by taking into account the accumulation times. The results are given in the last column of Table 1 . The degree of functionalization in surfactant solutions is comparable with the results of Yukoi et al. [12] . However, the highest functionalization degree was observed after reaction in pure phenylhydrazine solutions, especially at 50°C.
Raman spectroscopy is commonly used for the characterization of chemically modified samples. The intensity of the so-called D (disorder-induced) band (~1350 cm -1 ) is known to increase and the intensity of radial breathing modes (RBM) (120-350 cm -1 ) to decrease through chemical functionalization [27] [28] [29] . We indeed observed the decrease of RBM modes in our samples. However, such decrease was also present in the spectrum obtained on the product of synthesis 5 (without phenylhydrazine, no N1s peak in XPS spectrum). Other effects, such as aggregation, can also affect the Raman features [30, 31] , making less clear the using of Raman spectroscopy in a quantitative fashion for not very high levels of functionalization.
The intensity of the D mode, when averaged over many measurements from different locations of the sample, was, however, always larger for a functionalized material than for pristine nanotubes. An example for the product of synthesis 9 is shown in Fig. 4 . Note that the intensity of the D mode does not increase upon noncovalent functionalization unless the processing causes new defect sites on the sidewalls of the nanotubes [29] [30] [31] . Primary SWCNT spectrum in Fig. 4 has also an additional peak at 675 cm -1 . This peak disappeared in the spectra after a careful washing and was therefore probably related to the (acid) residuals in the initial material.
The FTIR spectroscopy is accepted as a good method for a non-destructive structural analysis of carbon nanomaterials. Usually CNTs contain adsorbed water, which makes difficult the interpreting of the Table 1 ). The inset shows the spectrum of C1s core level.
spectral regions where water has absorption maxima (around 1640, 3000-3600 cm -1 ). The FTIR spectra of initial and functionalized nanotubes are shown in Fig. 5 . Two bands in the spectral regions of 830-870 cm -1 and 1535-1600 cm -1 , respectively, have been commonly observed in SWCNT spectra and related to double bond vibrations (see [32] and references therein). These bands can be seen in the spectrum of initial nanotubes in Fig. 5 . The substantial changes in FTIR spectra were observed as a result of the treatment of SWCNT with phenylhydrazine. The signal at 1449 cm -1 appeared for functionalized nanotubes and could be assigned as an aliphatic C-H vibration. By the reaction of SWCNT with phenylhydrazine C-N vibrations should appear. There is a broad maximum of unresolved signals in the region 900 -1200 cm -1 where usually the vibrations of N-C arom , N-C alif bonds are located.
A new signal at 720 cm -1 also appeared, which could be assigned as a bending vibration of an aromatic ring from phenylhydrazine.
The lack of the absorption of C=O carbonyl stretch at 1650 cm -1 indicates some purification effects. In conclusion, all characterization methods revealed changes in the SWCNT spectra after functionalization. The treated nanotubes had good solubility in common solvents DMF, THF and CHCl 3 . A remarkable side result of the work was the finding that phenylhydrazine itself was a good solvent for SWCNTs. This was successfully used for carrying out the synthesis in neat phenylhydrazine that gave the highest yield.
Gas sensitivity of composite thin films
The measurements of the gas (NO 2 ) sensitivity of composite thin films containing either functionalized or pristine SWCNTs were carried out. The matrix polymer PTMSP is an isolator and, hence, the conductivity of composite material is assured by charge carrier mobility via percolated SWCNTs. All composite films, either with initial or functionalized nanotubes, showed an increased conductance under the influence of NO 2 gas, which is consistent with p-type conductivity. However, as it is shown in Fig. 6 , the functionalization of SWCNTs significantly increased the response to NO 2 . The relative response I/I 0 , where I is the measured current in the test gas (100 ppm NO 2 in synthetic air) and I 0 is the current in dry synthetic air, is shown in the figure. As one can see, the relative response is about 10 times bigger for functionalized nanotubes. At the same time, the response and recovery times did not change significantly by functionalization.
The temporal response curves were fitted with the double exponential function:
The recovery curves were fitted, respectively, with the function:
The response times (t 1 , t 2 ) and recovery times (t R1 , t R2 ) obtained from fitting the experimental data are summarized in Table 2 . One can see, that both the response and recovery times are only slightly (25% maximum) shorter in the case of functionalized nanotubes.
In conclusion, the magnitude of the response is about tenfold bigger for samples with functionalized nanotubes, whereas the characteristic times remain practically the same as compared to the samples with pristine nanotubes. This can be explained if the sorption sites and mechanisms for NO 2 are the same in both cases (for pristine and functionalized nanotubes), but more sites are present after functionalization. The number of sorption sites directly influences the relative response but does not influence the characteristic times.
The main reason for this effect is probably the good solubility of functionalized SWCNTs in a polymer 2000 1800 1600 1400 1200 1000 800 solvent (THF or CHCl 3 ) that enables one to prepare a composite with unbundled nanotubes and ensures the free access of gas molecules to nanotube surfaces. It is also possible [11, 20] that during the treatment of SWCNTs with phenylhydrazine, followed by several washings and centrifugation, the nanotube mixture became enriched with semiconducting nanotubes. The conductivity of the latter ones is more sensitive to gas adsorption as compared to metallic ones [4] and, hence, the composite material with treated nanotubes may give a higher response.
Conclusions
In conclusion, we demonstrated that modifying the SWCNTs with phenylhydrazine made them applicable for the preparation of a gas-sensitive durable composite material via enhancement of their solubility in polymer solvents.
The functionalized nanotubes were, unlike the pristine ones, easily soluble in organic solvents like THF, benzene and chloroform. The highest functionalization yield was observed in neat phenylhydrazine, which was also found to be an exceptionally suitable solvent for both SWCNTs and MWCNTs. The optimization of the functionalization process revealed that nitrogen content in functionalized nanotubes was up to 1.5% after room temperature synthesis, and up to 3.1% after synthesis at 50 o C. The response of composite thin films to NO 2 gas was significantly higher for functionalized SWCNTs as compared to pristine SWCNTs. 
